Prunus persica, gene expression, coloration, fruit development, RNA, DNA ABSTRACT. We used RNA blot analysis to examine the expression of six genes of the anthocyanin biosynthesis pathway in the fl owers and fruit skins at three developmental stages of white and red peaches and a deep-red nectarine [Prunus persica (L.) Batch]. In the red peach ʻAkatsukiʼ and the deep-red nectarine ʻFlavortopʼ, expression levels of anthocyanin biosynthesis genes were related to anthocyanin accumulation in the fruit skin; expression of all six genes dramatically increased at Stage III of fruit development, and anthocyanin concentration also increased at this stage. In the white peach ʻMochizukiʼ, however, expression of the chalcone synthase gene (CHS) and the dihydrofl avonol 4-reductase gene (DFR) was undetectable in Stage III, although the chalcone isomerase gene (CHI), the fl avanone 3-hydroxylase gene (F3H), the anthocyanidin synthase gene (ANS), and the UDP-glucose-fl avonoid 3-O-glucosyltransferase gene (UFGT) were expressed. We occasionally found red pigment in the skin of ʻMochizukiʼ peach. In these red skin areas, both CHS and DFR were clearly expressed in Stage III. These results suggest that CHS and DFR are the key regulatory genes in the process of anthocyanin biosynthesis in mature red peach and nectarine.
The skin color of peach and nectarine fruit is an important factor in consumer appeal as well as in marketability. Anthocyanins are major pigments of fruit skins, and they are synthesized at an increasing rate during maturation, especially near maturity, reaching a maximum in the fully ripe fruit (Gross 1987) . Six enzymes are generally involved in the anthocyanin biosynthesis pathway: chalcone synthase (CHS), chalcone isomerase (CHI), fl avanone 3-hydroxylase (F3H), dihydrofl avonol 4-reductase (DFR), anthocyanidin synthase (ANS), and UDP-glucose-fl avonoid 3-O-glucosyltransferase (UFGT). The genes encoding these enzymes have been isolated and characterized in many plants (Holton and Cornish 1995) . Some reports have described the relationship between the expression of these genes and anthocyanin accumulation (Boss et al., 1996a (Boss et al., , 1996b Honda et al., 2002; Kobayashi et al., 2001; Kondo et al., 2002; Li et al., 2001; Moyano et al., 1998) . The key regulatory genes in the anthocyanin biosynthesis pathway vary with fruit species. In grape (Vitis vinifera L.), Boss et al. (1996a) and Kobayashi et al. (2001) demonstrated that UFGT was a key regulatory gene for anthocyanin accumulation. In strawberries (Fragaria ×ananassa Duch.), the putative DFR gene plays a main role in anthocyanin biosynthesis during color development (Li et al., 2001; Moyano et al. 1998) . Kondo et al. (2002) reported that, in apple [Malus sylvestris (L.) Mill. var. domestica (Borkh.) Mansf.] skin, expression of anthocyanin biosynthesis genes was positively related to anthocyanin concentration and that UFGT expression was closely related to anthocyanin expression at the ripening stage.
An understanding of the regulatory mechanisms of anthocyanin biosynthesis in peach skin will help effi cient management and breeding systems for improving coloration and thus marketability. Here, we compared the changes in expression of the six genes involved in the anthocyanin biosynthesis pathway during fruit development of the white peach ʻMochizukiʼ, the red peach ʻAkatsukiʼ, and the deep-red ʻFlavortopʼ nectarine.
Materials and Methods
PLANT MATERIALS. ʻMochizukiʼ and ʻAkatsukiʼ peaches and ʻFlavortopʼ nectarine, which were cultivated at the National Institute of Fruit Tree Science (Tsukuba, Ibaraki, Japan), were used as study materials. ʻMochizukiʼ is a white-skinned cultivar of peach, ʻAkatsukiʼ is a red-skinned cultivar of peach, and ʻFlavortopʼ is a deep-red cultivar of nectarine.
Diameters along the equator of three fruit of each cultivar were measured with calipers on the tree at intervals of 3 to 8 d. Fruit were sampled at three developmental stages in 2002: 1) pre-endocarp-hardening stage, with rapid development and increase in pericarp size; 2) endocarp-hardening stage, with delayed size increase in the mesocarp; 3) mature fruit stage, with a rapid increase in mesocarp size (Tukey, 1933) . Corresponding to these developmental stages, we set three sampling stages: Stage I, 49 DAFB (days after full bloom) (ʻMochizukiʼ and ʻAkatsukiʼ) or 51 DAFB (ʻFlavortopʼ); Stage II, 81 DAFB (ʻMochizukiʼ and ʻAkatsukiʼ) or 83 DAFB (ʻFlavortopʼ); and Stage III, 129 DAFB (ʻMochizukiʼ), 122 DAFB (ʻAkatsukiʼ), or 132 DAFB (ʻFlavortopʼ). We sampled fl owers of the three cultivars at the time of full bloom and fruit at the above three stages for RNA extraction, anthocyanin concentration, and coloration analysis. After sampling, fl owers and fruit skins were immediately frozen in liquid nitrogen and kept at -80 °C until preparation for RNA or anthocyanin extraction.
Very occasionally, fruit of ʻMochizukiʼ had red pigment in their skins. These fruit were collected at Stage III, and the red parts of the skin were used for comparison with the normal white skins. The coloration of the red parts of the skin was assessed only with a chromometer (as described below), because, unlike in the other peaches and the nectarine, there was not enough red skin to do the more complex analyses.
DETERMINATION OF ANTHOCYANIN CONCENTRATION AND COLOR-ATION IN SKIN.
Anthocyanin was extracted from 0.2 g of fl owers (with calyces) or 1 g of fruit skins. We used 5 mL of HCl/MeOH 1:49 (v/v) in a slight modifi cation of the method of Sun and Francis (1967) . The extracts were diluted with the same volume of HCl/MeOH 1:49 (v/v) and then the absorbance reading at a wavelength of 530 nm, as indicative of anthocyanin concentration, was determined with a spectrophotometer (UV-1600; Shimadzu, Kyoto, Japan) in fi ve replicates for each cultivar. Skin color was measured with a portable chromometer (CM-2002; Minolta, Osaka, Japan) , and the fruit chromaticity was given an a* value as an indicator of redness. This a* value, based on spectrophotometric colorimetry, indicates a range from red to green (Voss, 1992) and is a useful fruit maturity index (Li et al., 2002; McGuire, 1992 Total RNA was isolated from mature skin of ʻAkatsukiʼ by the CTAB (cetyltrimethylammonium bromide) method described by Kotoda et al. (2000) . First-strand cDNA was synthesized from total RNA from the mature skin of ʻAkatsukiʼ by using oligo (dT) primer (cDNA Synthesis System Plus kit; Amersham Pharmacia, Little Chalfont, U.K.). This was amplifi ed under the following conditions by using degenerate primers. pPpCHS was amplifi ed with AmpliTaq Gold (PE Applied Biosystems, Foster City, Calif.): after preheating of the sample at 95 °C for 12 min, a reaction cycle of 94 °C for 45 s, 50 °C for 45 s, and 72 °C for 90 s was repeated 35 times, followed by 72 °C for 10 min. pPpCHI and pPpUFGT were amplifi ed by using Ex-Taq (TaKaRa, Otsu, Japan): after preheating of the sample at 95 °C for 3 min, a reaction cycle of 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 60 s was repeated 35 times, followed by 72 °C for 10 min. pPpF3H, pPpDFR, and pPpANS were amplifi ed with Z-Taq (TaKaRa): after preheating of the sample at 95 °C for 5 min, a reaction cycle of 95 °C for 10 s, 50 °C for 10 s, and 72 °C for 20 s was repeated 35 times, followed by 72 °C for 10 s. Amplifi ed fragments were cloned into pCR2.1 vector by using a TA cloning system (Invitrogen, San Diego, Calif.). The fragments were sequenced with a BigDye terminator cycle sequencing kit (PE Applied Biosystems) and an automated sequencer (model 377; PE Applied Biosystems). The cloned fragments were also PCR DIG-labeled (PCR DIG Probe Synthesis Kit; Roche Diagnostics, Mannheim, Germany) according to the method of Kobayashi et al. (2001) for RNA and DNA blot analyses.
CHS-MF derived from the red parts of the skin of the ʻMo-chizukiʼ peach at Stage III and the deep-red skin of ʻFlavortopʼ at Stage I was used for RNA blot analysis.
RNA BLOT ANALYSIS FOR GENES OF THE ANTHOCYANIN BIOSYN-THESIS PATHWAY.
To isolate total RNA, 2 g of fl owers or fruit skin at Stage I and 5.6 to 5.8 g at Stages II and III was extracted by the SDS (sodium dodecyl sulfate) method (Ikoma et al. 1996) , and 5 µg of each RNA was separated in a 1.16% agarose gel in the presence of formaldehyde and transferred to a nylon membrane (Hybond N; Amersham Pharmacia). The membrane was prehybridized for more than 3 h and hybridized for 14 to 16 h at 50 °C with each probe in high-SDS buffer containing 7% SDS, 0.05 M sodium phosphate buffer (pH 7.0), 5 × SSC, 50% deionized formamide, 2% blocking reagent (Roche Diagnostics), and 0.1% N-lauroyl sarcosine. The membrane was washed twice for 5 min in 2 × SSC (0.3 M NaCl and 0.03 M trisodium citrate, pH 7.0) containing 0.1% SDS at room temperature, then washed twice (for 20 min and 15 min) in 0.1 × SSC containing 0.1% SDS at 68 °C.
EXTRACTION OF GENOMIC DNA, AND DNA BLOT ANALYSIS FOR GENES OF THE ANTHOCYANIN BIOSYNTHESIS PATHWAY. Genomic DNA was extracted from young leaves of ʻMochizukiʼ, ʻAkat-sukiʼ, and ʻFlavortopʼ trees by means of a CTAB method: 1) A 2-g sample was ground into a powder in liquid nitrogen by a pestle and mortar, and the powder was put into a 50-mL tube with 20 mL of isolation buffer (10% polyethylene glycol, MW 6000; 0.35 M sorbitol; 0.5% ß-mercaptoethanol). 2) The tube was vigorously shaken and centrifuged at 8000 g n at 4 °C to make a pellet.
3) The pellet was mixed with 10 mL of lysis buffer (0.35 M sorbitol; 0.1M Tris-HCl, pH 8.0; 0.5% ß-mercaptoethanol) in the tube, then 1.2 mL of 10% N-lauroyl sarcosine was added and the sample was incubated for 10 min at room temperature. 4) We then added 15 mL of 2 × CTAB buffer (2% cetyltrimethylammonium bromide; 0.1 M Tris-HCl, pH 8.0; 20 mM EDTA; 1.4 M NaCl; 0.5% ß-mercaptoethanol) to each tube, and the sample was incubated at 65 °C for 20 min. 5) After the tube had been cooled to room temperature, the sample was divided into two tubes, and 20 mL of chloroform/isoamylalchol 24:1 (v/v) was added to each tube, which was then vigorously shaken. 6) The tube was centrifuged at 8000 g n at room temperature for 10 min to make a supernatant. Then 20 mL of isopropanol was added to the supernatant to make a precipitate of genomic DNA. 8) The genomic DNA was rinsed with 70% ethanol and dried, and then was eluted with TE buffer (10 mM Tris-HCl; 1 mM EDTA) at 4 °C.
Genomic DNA was digested overnight with the restriction enzymes HindIII, PstI, or XbaI at 37 °C. The digested genomic DNAs (5 or 10 µg) were separated in a 0.8% agarose gel and transferred to a nylon membrane, as in the RNA blot analysis. Hybridization was carried out for more than 14 h with PCR DIG-labeled pPpCHS, pPpDFR, and pPpUFGT in high-SDS buffer at 42 °C. The membrane was then washed, as in the RNA blot analysis.
Results

COLOR CHANGES AND ANTHOCYANIN CONCENTRATIONS IN SKINS DURING FRUIT DEVELOPMENT.
At the Tsukuba site in the study year (2002), fruit growth exhibited a double sigmoidal growth pattern in ʻMochizukiʼ and ʻAkatsukiʼ peaches and ʻFlavortopʼ nectarine (Fig. 1) . Figure 2 shows the absorbance at 530 nm as the anthocyanin concentration of fl owers and fruit skins. Flowers of all three cultivars were pink because of the presence of accumulated anthocyanin. Anthocyanin concentrations were similar in the skins of ʻAkatsukiʼ peach and ʻFlavortopʼ nectarine and lower in ʻMochizukiʼ peach, but not remarkably so, except in Stage III.
The anthocyanin concentrations of the fruit skins paralleled the a* values in all three cultivars (Fig. 3) . In the partly red-skinned ʻMochizukiʼ, the a* value was higher than in the white-skinned specimens.
PARTIAL FRAGMENTS OF SIX ANTHOCYANIN BIO-SYNTHESIS GENES.
Amplifi ed fragments of CHS, CHI, F3H, DFR, ANS, and UFGT from the skins of mature ʻAkatsukiʼ fruit were deposited in the DNA Data Bank of Japan. Their accession numbers are pPpCHS, AB094986; pPpCHI, AB094987; pPpF3H, AB097151; pPpDFR, AB095030; pPpANS, AB097216; and pPpUFGT, AB094988, and they are shown with their respective anthocyanin biosynthesis genes in Table 1 . The fragment CHS-MF was amplifi ed with specifi c primers on the basis of data from pPpCHS and was not deposited in the DNA data bank. Most of the fragments showed the highest homology with corresponding genes in the Rosaceae family.
GENE EXPRESSION IN RNA BLOT ANALYSIS AND COPY NUMBER IN DNA BLOT ANALYSIS.
All the anthocyanin biosynthesis genes were clearly expressed in fl ower and fruit development, with the exception of very low expression of pPpCHS in Stage I of ʻFlavortopʼ nectarine and no expression of pPpDFR in Stage III of the white ʻMochizukiʼ peach (Fig. 4) . Another CHS fragment, CHS-MF, from ʻMochizukiʼ and ʻFlavortopʼ, was expressed increasingly in ʻFlavortopʼ from Stage I to Stage III, but in Stage III in ʻMochizukiʼ it was detected only in the red parts of the skin (Fig. 5) . In ʻAkatsukiʼ and ʻFlavortopʼ, expression of pPpCHS was lower in Stages I and II than in Stage III (Fig. 4) . These changes in transcript levels and anthocyanin accumulation in the skins of ʻAkatsukiʼ and ʻFlavortopʼ were positively related to each other (Figs. 2 and  4) . In ʻMochizukiʼ, pPpCHI, pPpF3H, pPpANS, and pPpUFGT were expressed in Stage III (Fig.  4) , even though anthocyanin accumulation was very low (Fig. 2) . In Stage III, the transcript for pPpDFR was clearly expressed in the red skin parts of ʻMochizukiʼ, but no expression of pPpDFR in the white skin (Fig. 6) .
The CHS, DFR, and UFGT genes showed a number of bands in DNA blot analysis (Fig. 7) . In each case this indicated the presence of several copy numbers of the gene, and the patterns of the bands among the three cultivars were the same.
Discussion
Anthocyanin accumulation was closely related to expression of the anthocyanin biosynthesis genes in the red-skinned ʻAkatsukiʼ peach and ʻFlavortopʼ nectarine. Transcript levels of pPpCHI, pPpF3H, pPpANS, and pPpUFGT in the skins of the red cultivars peaked synchronously at Stages I and III (Fig. 4) . In the fruit of red cultivars, anthocyanin absorbance at a wavelength of 530 nm, and the a* values, showed a small peak in Stage I, followed by a large peak in Stage III (Figs. 2 and 3) . Thus, in ʻAkatsukiʼ peach and ʻFlavortopʼ nectarine, expression of anthocyanin biosynthesis genes is correlated with fruit color development. In apple fruit, Honda et al. (2002) found that fi ve genes of anthocyanin biosynthesis are coordinately expressed during fruit development and their levels of expression are posi- tively related to the degree of anthocyanin concentration. Kondo et al. (2002) reported two peaks in expression of the anthocyanin biosynthesis genes. In strawberry fruit, the transcription of DFR shows two peaks during color development, and the gene is considered to have a main role in anthocyanin biosynthesis (Li et al., 2001; Moyano et al., 1998) . In our study, the expression of anthocyanin biosynthesis genes showed two peaks in relation to the pattern of anthocyanin accumulation. This pattern may be common to red fruit of the Rosaceae family, including peach and nectarine. DNA blotting showed the presence of anthocyanin biosynthesis genes as indicators of possible anthocyanin production in all three cultivars (Fig. 7) . CHS-MF was isolated from the red skin parts of ʻMochizukiʼ in Stage III and from ʻFlavortopʼ at all three stages of fruit development (Fig. 5 ), but pPpCHS expression was very low in ʻFlavortopʼ at Stage I (Fig. 4) . These results suggest that pPpCHS is a fragment of the CHS gene and may not be important in anthocyanin production in ʻFlavortopʼ in Stage I, despite the fact that the skin of ʻFlavortopʼ is fully red in Stage I. In contrast, expression of pPpCHS or CHS-MF was not detected in the white skin of ʻMochizukiʼ peach, even though it was expressed in the red skin parts. This result indicates that pPpCHS may not act in anthocyanin production in mature whiteskinned ʻMochizukiʼ fruit. ʻMochizukiʼ was released in 1997 by the National Institute of Fruit Tree Science as a canning peach cultivar without red pigment in its fl esh and skin, but with a pink fl ower (Yamaguchi et al., 2001) . In ʻMochizukiʼ, all anthocyanin biosynthesis genes were expressed at Stage II in the presence of less coloration than in the other cultivars (Figs. 2 and 4) . Therefore, ʻMochizukiʼ can be viewed as having a phenotypically white fruit with the capacity for anthocyanin production. In grape, Boss et al. (1996a) reported that samples without anthocyanins expressed all major anthocyanin biosynthesis genes except UFGT, and they suggested that these genes were associated with the other biosynthesis pathways, notably those involved in the biosynthesis of aurones, fl avones, fl avonols, isofl avonoids, and proanthocyanidins. Several genes of the anthocyanin biosynthesis pathway in peach and nectarine skins are likely related to these other pathways, because phenolic compounds such as catechin and epicatechin, which are present in peach (Cheng and Crisosto, 1995) , are synthesized by the procyanidin biosynthesis pathway (Porter, 1994) .
In grapes, UFGT is a key regulatory gene of anthocyanin biosynthesis (Boss, 1996a; Kobayashi et al., 2001) . Moreover, Kobayashi et al. (2002) reported that regulatory MybA gene was involved in the regulation of anthocyanin biosynthesis via UFGT gene expression. Gollop et al. (2002) suggested that, in grape, a specifi c sequence located between positions -725 and -233 in the DFR promoter might be involved in the expression of the DFR gene. In our study, pPpCHS/CHS-MF and pPpDFR were clearly expressed in the red skin parts of ʻMochizukiʼ peach, but were not detected in the white skin parts at Stage III (Figs. 4 and 6) . These specifi c expression patterns might be related to differences in function in each gene family or the presence of specifi c promoter sites. In the white skin parts of ʻMochizukiʼ, anthocyanin accumulation was slight, although all of the anthocyanin biosynthesis genes were clearly expressed in Stage II. In the red skin parts of this cultivar, anthocyanin biosynthesis may be controlled by CHS and DFR. In all three cultivars, the fl owers were pink owing to accumulation of anthocyanins; pPpCHS, pPp-CHI, pPpF3H showed similar expression levels, and pPpUFGT expression seem more pronounced in the fl owers of ʻMochizukiʼ than in the others (Fig. 4) . However, ʻMochizukiʼ also exhibited the lowest concentration of anthocyanin in fl owers. Thus, UFGT might not be a key regulatory gene for anthocyanin biosynthesis in the fl owers of peach or nectarine. However, expression of some of the anthocyanin biosynthesis genes-pPpCHS, pPpF3H, and pPpDFR-was related to anthocyanin accumulation in the skins of the red peach and nectarine, or in the red skin parts of the white peach (Figs. 4 and 6) . The copy numbers of the structural genes pPpCHS, pPpDFR, and pPpUFGT showed almost the same pattern in all three cultivars (Fig. 7) . The cDNA fragments encoding these enzymes could be useful for the determination or comparison of gene expression in peach and nectarine. Expression of the anthocyanin biosynthesis genes cloned in this study increased in the red skin of peach and nectarine at the mature fruit stage. In particular, pPpCHS and pPpDFR expression showed a dramatic rise in mature fruit of red cultivars with an increase in anthocyanin concentration. In contrast, this rise in pPpCHS and pPpDFR was not evident in the mature white ʻMo-chizukiʼ peach (Fig. 4) , although all six genes were expressed in the red skin parts of ʻMochizukiʼ, albeit more weakly than in the two red cultivars. These data suggest that CHS and DFR are the key regulatory genes in the process of anthocyanin biosynthesis in mature red peach and nectarine.
